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ABSTRACT

Conversion of uridines into pseudouridines (Cs) is the most frequent base modification in ribosomal RNAs (rRNAs). In
eukaryotes, the pseudouridylation sites are specified by base-pairing with specific target sequences within H/ACA small
nucleolar RNAs (snoRNAs). The yeast rRNAs harbor 44 Cs, but, when this work began, 15 Cs had completely unknown
guide snoRNAs. This suggested that many snoRNAs remained to be discovered. To address this problem and further complete
the snoRNA assignment to C sites, we identified the complete set of RNAs associated with the H/ACA snoRNP specific proteins
Gar1p and Nhp2p by coupling TAP-tag purifications with genomic DNA microarrays experiments. Surprisingly, while we
identified all the previously known H/ACA snoRNAs, we selected only three new snoRNAs. This suggested that most of the
missing C guides were present in previously known snoRNAs but had been overlooked. We confirmed this hypothesis by
systematically investigating the role of previously known, as well as of the newly identified snoRNAs, in specifying rRNA C sites
and found all but one missing guide RNAs. During the completion of this work, another study, based on bioinformatic
predictions, also reported the identification of most missing guide RNAs. Altogether, all C guides are now identified and we
can tell that, in budding yeast, the 44 Cs are guided by 28 snoRNAs. Finally, aside from snR30, an atypical small RNA of
heterogeneous length and at least one mRNA, all Gar1p and Nhp2p associated RNAs characterized by our work turned out to
be snoRNAs involved in rRNA C specification.
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INTRODUCTION

Biogenesis of functional rRNAs includes the post-
transcriptional covalent modification of many carefully
selected nucleotides. These modifications are essentially of
two types: methylation of the ribose at the 20-hydroxyl
group or conversion of uridine into pseudouridine (C).
These modified nucleotides are exclusively located within
the most conserved regions of mature rRNAs and are
mostly clustered in and around functional sites (Decatur
and Fournier 2002). It was also noticed that the number of
modifications increases with evolution (Ofengand et al.

1995; Ofengand and Bakin 1997). However, the precise
function of these modifications is still unclear. They may
contribute to fine-tune rRNA folding and interactions with
ribosomal proteins, thereby modulating the biogenesis of
the ribosome and enhancing its activity (Maden 1990;
Ofengand et al. 1995). Each type of eukaryotic rRNA mod-
ifications is directed by a distinct family of guide small
nucleolar RNAs (snoRNAs). Ribose methylations are
guided by box C/D snoRNAs, whereas pseudouridylations
are guided by box H/ACA snoRNAs (for reviews, see
Bachellerie et al. 2002; Kiss 2002).

Box H/ACA snoRNAs consist of two irregular stem–loops
containing an internal bulge, called the ‘‘pseudouridylation
pocket.’’ The stem–loops are linked by a single-stranded
hinge region that contains the conserved H box (ANANNA)
and are followed by a single-stranded tail containing the
ACA box found 3 nt away from the 30 end (Balakin et al.
1996; Ganot et al. 1997b). The pseudouridylation guide
snoRNAs select the substrate uridines by forming two short
(3–10 bp) duplexes with rRNA that flank the target uridine
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(Ganot et al. 1997b). The two rRNA recognition motifs
occupy the opposite strands of the pseudouridylation pocket.
With one guide sequence in each pseudouridylation pocket,
one H/ACA snoRNA can potentially specify two C sites.

When we initiated this study, 25 H/ACA snoRNAs were
known in yeast; most of them were originally identified at
random, from electrophoretic fractionation of total
nuclear small RNAs (Balakin et al. 1996). This number also
takes into account four predicted unverified H/ACA
snoRNAs, snR161 (Olivas et al. 1997), and RUF1, RUF2,
and RUF3 for RNA of unknown function (McCutcheon
and Eddy 2003). Sixteen of these 25 H/ACA snoRNAs
had been demonstrated to target 20 of the 44 rRNA
pseudouridines, whereas nine sites had been predicted to be
specified by known snoRNAs (Ganot et al. 1997a; Ni et al.
1997; Ofengand and Fournier 1998; Badis et al. 2003). The
remaining 15 C sites had not yet been associated with any
guide snoRNA. On the other hand, four H/ACA snoRNAs
were not associated with any C modification of the rRNA.
Additionally, some H/ACA snoRNAs have functions other
than rRNA covalent modifications, like snR30 and snR10,
which are involved in pre-rRNA cleavages (Tollervey 1987;
Morrissey and Tollervey 1993).

All known pseudouridylation guide snoRNAs function
in the form of small nucleolar ribonucleoprotein particules
(snoRNPs) in which these different site-specific snoRNAs
are associated with a set of proteins common to all H/ACA
snoRNPs. H/ACA snoRNPs contain four evolutionarily
conserved, essential proteins, Cbf5p (dyskerin), Gar1p,
Nhp2p, and Nop10p. Cbf5p (Nap57p in mammals)
provides the catalytic activity responsible for the snoRNP-
directed uridine-to-pseudouridine isomerization reaction.
It was previously shown that Gar1p has the ability to bind
directly snR10 and snR30 H/ACA snoRNAs in vitro (Bagni
and Lapeyre 1998), and that Nhp2p is indeed an
RNA-binding protein (Henras et al. 2001).

To get a comprehensive view of H/ACA snoRNAs and the
rRNA pseudouridylation process, we considered identifying all
H/ACA snoRNAs. In order to be as exhaustive and unbiased as
possible, we chose an experimental genomic approach consist-
ing of the systematic identification of all RNAs associated with
H/ACA snoRNP proteins. Since Nhp2p and Gar1p are
believed to directly bind all the H/ACA snoRNAs, we chose
these proteins as bait for TAP-tag purification. The RNAs co-
affinity purified with these baits were used to probe yeast DNA
microarrays covering the complete yeast genome, including
intergenic regions. Consistent with the approach exhaustively
identifying the H/ACA snoRNAs, we found that Nhp2p and
Gar1p were associated with all 25 previously recognized
H/ACA snoRNAs (including RUF1–3). Nevertheless, and
quite to our surprise, we found only very few additional
RNAs stably associated with Nhp2 and Gar1, only three of
which being clearly identified as H/ACA snoRNAs.

Since only three new H/ACA snoRNAs were found, we
made the hypothesis that most of the ‘‘orphan’’ C

sites were in fact specified by previously known H/ACA
snoRNAs that had not been recognized as guiding these
positions. This hypothesis was confirmed by experimentally
testing, in a systematic way, the involvement in specifying
the orphan sites of all new snoRNAs as well as the pre-
viously known snoRNAs associated with no or only one C
site. This resulted in the experimental determination of 22
guides, including 14 C sites that had not been predicted,
leaving a single site (LSU-1051) among the 44 Cs with no
assigned guide RNA. Most interestingly, three snoRNAs
were found to guide more than two Cs and some guide/
target base pairings were found to present evolutionarily
conserved mismatches. During the completion of this
work, an article was published that reported very similar
results but obtained by a totally different, bioinformatic
approach (Schattner et al. 2004). In this study, only one
additional snoRNA was identified that guides position
LSU-1051. Conversely, in comparison to this work, we
also identified one additional snoRNA, as well as four
new, not previously predicted guides RNAs and experimen-
tally confirmed two additional predictions. Altogether, all
Cs now have a guide RNA assigned. Finally, we detected
one additional atypical RNA of unknown function and at
least one mRNA (RPS28A mRNA) stably associated with
Nhp2p and Gar1p.

RESULTS

Identification of RNAs associated with Nhp2p
and Gar1p using genomewide analyses

To identify Nhp2p or Gar1p associated RNAs, we per-
formed a tandem-affinity purification with an Nhp2p-
TAP or Gar1p-TAP tagged strain. Associated RNAs were
directly labeled with the Ulysis Nucleic Acid Labeling Kit
(see Materials and Methods) with Alexa Fluor 647 dye and
competitively hybridized on yeast whole-genome microar-
rays (see Materials and Methods), competitively with total
RNA that had been labeled with Alexa Fluor 546 dye.
Experiments have been reproduced three times with three
independent immunoprecipitations. The results obtained
with both proteins were largely overlapping. For the sake
of simplicity, only the Nhp2p example is detailed below.
Results for Gar1p and Nhp2p are presented in Supplemen-
tary Table S1 (see http://www.pasteur.fr/recherche/unites/
Gim/index.html).

The distribution of the log2-transformed Alexa
647/Alexa 546 ratios showed a clear peak in the negative
values for all experiments (data not shown), indicating that
the majority of the RNAs in the cell did not coimmuno-
precipitate with Nhp2p in our experiments. Therefore, for
microarrays normalization, we fixed the median value of
the log2 transformed ratio distribution at the reference
ratio value (log2(ratio) = 0). Then, the normalized ratios
represent the enrichment factors (EF) of each RNA in the
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Nhp2p immunoprecipitation versus total RNA, relative to
the majority of unprecipitated RNAs. The distribution of
the average log2-transformed EF from the three experi-
ments allowed us to define three groups of RNAs
(Fig. 1A). Group 1 represents the majority of RNAs (74%
of all features) that do not coimmunoprecipitate signifi-
cantly with Nhp2p (EF less than twofold). Group 2
includes a significant number of RNAs (25%) that were
moderately immunoprecipitated with Nhp2p (median EF
�4.5-fold). Seventy six percent of these RNAs are messen-
ger RNAs that are, for most of them, known to be abun-
dant and stable in the cell. These includes mRNAs from TY
elements (12%) or from genes encoding ribosomal proteins
and translation factors (10%). Nhp2p has been shown to
bind RNAs nonspecifically in vitro (Henras et al. 2001). It
is therefore reasonable to conclude that these moderate
enrichments mainly result from nonspecific interactions
during the experimental process.

Group 3 includes 37 features (less than 0.3% of all
features) with very high enrichment factors (18-fold<
EF< 200-fold), which are clearly distinguishable from
groups 1 and 2 (Fig. 1A; Supplementary Table S1). All of
the 25 previously identified H/ACA snoRNAs are found in
this group. These include RUF1, RUF2, and RUF3, which
correspond to putative H/ACA snoRNAs identified
recently by phylogenetic analysis (McCutcheon and Eddy
2003) and respectively renamed snR84, snR82, and snR83

by Schattner et al. (2004). Four of these snoRNAs were
represented twice, by redundant features, while one feature
carried both snR31 and snR5 (Supplementary Table S1).
Thus, the previously known H/ACA snoRNAs represented
28 of these 37 features. The fact that all the H/ACA
snoRNAs identified so far were present within group 3
shows that the RNAs found within this group likely repre-
sent a quite exhaustive inventory of the RNAs stably asso-
ciated with Nhp2p in vivo. Note that C/D box snoRNAs,
although as abundant and stable as H/ACA snoRNAs in
vivo, are absent from this group, illustrating the specificity
of the selection. Among the nine remaining features of
group 3, which do not correspond to previously identified
snoRNAs, four corresponded to intergenic regions
(iYML103c, iYMR246w, iYEL055c, iYBR044c), which do
not overlap with any known gene and are also among the
33 most highly enriched RNAs both in Nhp2p and Gar1p
immunoprecipitation (see Supplementary Table S1). To
confirm the presence of potential RNAs interacting speci-
fically with Nhp2p within these intergenic regions, we
performed Northern blot analysis (Fig. 1B) on RNA iso-
lated from TEV and TAP eluates of the Nhp2p-TAP tagged
strain. Nop1p, a protein specifically associated with C/D
snoRNAs, is used as a negative control with a Nop1p-TAP
tagged strain. Furthermore, as positive and negative control
probes, we used two oligonucleotides complementary to
snR191 (an H/ACA snoRNA) and U18 (a box C/D

FIGURE 1. RNAs associated with Nhp2p. (A) Distribution of average log2 transformed enrichment factors (EF) from three independent
microarray hybridizations analyzing Nhp2p associated RNAs. The dashed lines indicate the threshold applied for defining three different groups
of enrichment. (B) Northern blot analyses. Total RNAs (lanes 1,4,7), RNA isolated from the TEV eluate (lanes 2,5,8) and from the TAP eluate
(lanes 3,6,9), from wild-type cell (MGD353–13D) (lanes 1,2,3), from cells carrying Nop1p-TAP (SC0841) (lanes 4,5,6) or Nhp2p-TAP (SC1110)
(lanes 7,8,9) were separated by polyacrylamide gel electrophoresis on 5% gel, blotted, and the blot hybridized probed with specific oligonucleo-
tides (for small RNAs) or random primed PCR products (mRNAs) successively (see Materials and Methods).
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snoRNA), respectively. As expected, snR191 is specifically
enriched in the TEV and TAP eluates of Nhp2p strain
(Fig. 1B, lanes 8,9), whereas U18 is only enriched in the
TEV and TAP eluates of Nop1-TAP strain (Fig. 1B, lanes
5,6). No enrichment was seen in the untagged wild-type
strain (Fig. 1B, lanes 2,3).

Analysis with a specific probe within iYML103c reveals
an abundant small RNA of �175 nucleotides (nt) (Fig. 1B,
lanes 8,9), enriched in the TEV and TAP eluates of the
Nhp2p-TAP tagged strain compared to the Nop1p-TAP
strain (Fig. 1B, lanes 5,6). The 50 end of this small RNA
was defined by primer extension analysis (see Supplemen-
tary Fig. S1B). The mature small RNA is coded on the
Crick strand and begins at nt 67937 of chromosome XIII
(coordinates according to the Stanford Saccharomyces
Genome Database, SGD, January 13, 2005, [http://
www.yeastgenome.org/]). We estimate that it terminates
at position 67763, according to its size and to fit to an
H/ACA consensus structure (see Supplementary Fig. S1A).
This snoRNA was also recognized by Schattner et al.
(2004), who named it snR85.

Likewise, the intergenic region iYEL055c contains a small
RNAof�176 nt, specifically enriched in theNhp2p-TAP strain
(Fig. 1B, lanes 8,9). The mature 50 end of this small RNA, as
defined by primer extension (Supplementary Fig. S1D) begins
at nt 52318 of the chromosome V and terminates at position
52143 according to its size (coordinates according to SGD,
January 13, 2005) and to fit to an H/ACA consensus structure
(Supplementary Fig. S1C). This snoRNA was also recognized
by Schattner et al. (2004), who named it snR80.

A specific probe within iYBR044c reveals three bands of
�300, 275, and 260 nt, respectively (Fig. 1B). These three
species all hybridize with oligonucleotide CT35 (Supplemen-
tary Table S3), defining these bands as representing a single
transcript of heterogeneous length with a sequence corre-
sponding to the Watson DNA strand. Reverse transcription
defined the 50 ends for these three species as starting at nt
3262806 1 nt, 3263026 1 nt, and 3263276 1 nt of chromo-
some II (as defined in SGD on March 10, 2005; see Supple-
mentary Fig. S2A). A potential structure, reminiscent of an
H/ACA structure and determined with the help of the Mfold
program (Walter et al. 1994) is presented in Supplementary
Figure S2B for the smallest version of this RNA. No phenotype
could be associated with the deletion of this new Nhp2p and
Gar1p associated RNA and no function could be attributed to
it. According to the nomenclature of McCutcheon and Eddy
(2003), we propose to name it RUF9 for RNA of unknown
function 9. This RNA was not characterized further.

A specific probe within iYMR246w reveals an unusually
long RNA of 1000 nt (Fig. 1B, lanes 8,9), enriched in the TEV
and TAP eluates of the Nhp2p-TAP tagged strain. All
previously known H/ACA snoRNAs are between 161 and
608 nt. A more detailed analysis of this atypical new snoRNA,
presented below, shows that it exhibits characteristic features
of H/ACA snoRNAs and we named it snR86.

Finally, group 3 included four additional features corre-
sponding to RNAs transcribed from the RPS28A, ZEO1,
and FAR1 ORFs, respectively, and a Ty element. For the
RPS28A mRNA (Fig. 1B), we verified by Northern blot that
the positive signal detected on the microarray indeed repre-
sented the specific enrichment of the corresponding poly-
adenylated mRNA in the Nhp2p and Gar1p copurifications
(Fig. 1B; data not shown; see Discussion). For the ZEO1,
although the mRNA was clearly enriched in the Nhp2p
copurification, this enrichment appeared less specific for
the H/ACA proteins since a significant enrichment was also
observed with the Nop1p copurification (see Fig. 1B). Like-
wise, Northern blot analysis showed that the FAR1 mRNA
was only very weakly enriched by the Nhp2p copurification
and this enrichment was not specific as it was similar in the
Nop1p copurification (data not shown). Note that these
mRNAs exhibit among the weakest EF in group 3 (between
20- and 30-fold). We thus conclude that the RPS28A
mRNA is the only mRNA specifically associated with the
H/ACA specific proteins Nhp2p and Gar1p.

SnR86, an atypical H/ACA snoRNA with an
unexpected structure

In order to more precisely characterize snR86, we deter-
mined the 50 end of this RNA by primer extension analysis
(data not shown). We concluded that the mature RNA
begins at nt 763112 on the Crick strand of the chromosome
XIII. Taking into account the �1000-nt apparent size
observed by Northern blot, we applied this region to com-
parative sequence analysis using the corresponding inter-
genic region of Candida glabrata (Dujon et al. 2004).
Matrix alignment of both regions using the DNA strider
program (Marck 1988) revealed that the primary sequence
is not conserved between C. glabrata and S. cerevisiae,
except in three short sequences, the longest being located
at the 30 end of the region (1, 2, and 3 in Fig. 2A). However,
despite the divergence of the primary sequences, the RNA
secondary structures predicted by the Mfold program
(Walter et al. 1994) for C. glabrata and S. cerevisiae were
strikingly similar (Fig. 2B,C). These predictions suggest an
unexpected structure for a box H/ACA snoRNA, with an
unusually long H box stem structure with a terminal fork,
the tips of which precisely correspond to the short homol-
ogies 1 and 2 as indicated in Figure 2B–D, while homology
3 corresponded to a sequence with a potential structure
typical of the ACA stem–loop. Taking into account the
apparent length of the RNA on Northern blot and the
location of the ACA box, we concluded that the RNA 30

end should be located at 3 nt after the ACA box, which
corresponds to nt 762109 of the chromosome XIII.

To test whether snR86 functions as guide RNA for rRNA
pseudouridylation, we constructed a strain deleted for
snR86. Total RNA was isolated from wild-type and deleted
strains and the presence of ribosomal Cs was tested by the
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FIGURE 2. Characterizationof iYMR246w/snR86. (A)DNAStrider (Marck1988)matrix alignmentofS. cerevisiae snR86and the corresponding region in
C.glabrata. (B,C)Secondarystructureof snR86.SnR86secondarystructurepredictedusingtheMfoldprogramforS. cerevisiaeorC.glabrata snR86sequences
(B andC, repectively). (D)Detail of the conserved elements in snR86 structure. Boxes represent the conserved loops betweenboth species. Thenumbers 1, 2,
and3correspondto theconservedsequencespointed to inAandB.Region3corresponds to theH/ACApartof the snoRNA; therecognition loopsof theACA
box are indicatedwith a dotted line. The structure of themutantmutD39–893 is indicated. (E) Primer extensionmapping of pseudouridine residues of LSU
rRNA. Total RNAs obtained from wild-type strain (BMA64) (lane 1), DsnR86 (LMA462) (lane 2), and DsnR86/mutD39/893 (lane 3) were traited by the
CMC-primerextensionmethod(seeMaterialsandMethods).TomapC2350,C2348,C2339,andC2313,50-end-labeledoligonucleotideprimerGB132(see
Supplementary Table S3) was used. The extension products were separated on a 6% sequencing gel. Positions of pseudouridine residues are indicated.
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CMC-primer extension method. This revealed that, in the
DsnR86 strain, position LSU-2313 was unmodified, in con-
trast to wild-type rRNA (Fig. 2E, lane 2). We concluded
that depletion of snR86 specifically inhibits C of 25S rRNA
at position U2313. The putative base-pairing interaction
between LSU 2313 and snR86 is shown in Figure 4D,
below. Mapping all known pseudouridylation sites in the
rRNA obtained from the DsnR86 strain showed that no
other C was affected by the absence of snR86 (data not
shown). To test the importance of the long stem structure
of snR86, two independent internal deletions, D39–893 and
D8–862, were constructed (Fig. 2D). The resulting
p36-snR86-D39–893 RNA accumulated efficiently when
expressed in the DsnR86 strain (data not shown) and
rescued the pseudouridylation of U2313 in the 25S rRNA
(Fig. 2E, lane 3). We concluded that the deleted sequence is
not essential for the stability of snR86 snoRNA or its
function in guiding C at position LSU-2313. Moreover,
the p36-snR86-D8–862 construction is not accumulated
when expressed in the DsnR86 strain (data not shown).
Actually, a part of the 50-terminal helical stem is missing in
this construction and as was previously shown for other
H/ACA snoRNAs (Bortolin et al. 1999), this motif as well
as the 30-terminal helical stem are essential for accumula-
tion of H/ACA snoRNAs.

In conclusion, snR86 appears to have a canonical H/ACA
snoRNA structure, except that the H-box is associated with
an unusually long hairpin conserved in structure, but the
function of which remains elusive.

Forty-four pseudouridine residues are modified
by 20 height box H/ACA snoRNAs in yeast

Fully modified yeast rRNA contains 43 C residues, 13 in
the small subunit rRNA (SSU) and 30 in the large subunit
(LSU) rRNA (Bakin et al. 1994; Bakin and Ofengand 1995).
A known modified base corresponding to the hypermodi-
fied 1-methyl-3-(3-amino-3-carboxylpropyl) pseudouri-
dine (m1acp3C) is also present in the SSU rRNA at
position 1189 (Bakin and Ofengand 1995). Previous anal-
yses have shown that 16 snoRNAs function as guide RNAs
in 20 of these modification (Table 1; Ganot et al. 1997a;
Ni et al. 1997; Ofengand and Fournier 1998; Badis et al.
2003). Potential base-pairing interactions between box
H/ACA snoRNAs and rRNAs had been predicted for nine
C modifications (Table 1; Ganot et al. 1997a; Ofengand
and Fournier 1998; McCutcheon and Eddy 2003). Finally,
15 modified residues did not have snoRNA guides
associated (Table 1). In order to confirm predictions and
to identify the snoRNAs required for formation of C at
orphan positions, we examined the patterns of C rRNA
modification in strains deleted for each of the 22 snoRNA
encoding genes. SnR5, snR8, snR10, snR30, snR36, and
snR191 were not included in our experiments since these
snoRNAs have been fully analyzed in previous studies

(Morrissey and Tollervey 1993; Ganot et al. 1997a; Ni
et al. 1997; Badis et al. 2003). Of these 22 snoRNAs, 11
were known to modify one or two residues (snR3, snR9,
snR11, snR31, snR32, snR33, snR34, snR37, snR42, snR46,
and snR189) (Ni et al. 1997; Ganot et al. 1997a; Ofengand
and Fournier 1998), nine were predicted to guide one or
two modifications (snR3, snR34, snR11, snR35, snR43,
snR44, snR49, snR189, and RUF2) (Ganot et al. 1997a;
McCutcheon and Eddy 2003) and seven were not asso-
ciated with any C site: snR43, snR161, RUF1, RUF3

TABLE 1. Complete set of H/ACA snoRNA guide for rRNA C sites

Target site snoRNA Predicted Exp. verified

SSU-106 snR44 a b, this work
SSU-120 snR49 b, this work
SSU-211 snR49 b, this work
SSU-302 SnR49 b, this work
SSU-466 snR189 a b, this work
SSU-632 snR161 b, this work
SSU-759 snR80 This work
SSU-766 snR161 b, this work
SSU-1000 snR31 c

SSU-1179 snR85 b This work
SSU-1185 snR36 a

SSU-1189 snR35 a Still unverified
SSU-1289 RUF3/snR83 b, this work
SSU-1414 RUF3/snR83 This work
LSU-775 snR80 b, this work
LSU-959 snR8 c

LSU-965 snR43 d This work
LSU-985 snR8 c

LSU-989 snR49 a b, this work
LSU-1003 snR5 a

LSU-1041 snR33 c

LSU-1051 snR81 b

LSU-1055 snR44 a b, this work
LSU-1109 RUF2/snR82 This work
LSU-1123 snR5 a

LSU-2128 snR3 b, this work
LSU-2132 snR3 c b, this work
LSU-2190 snR32 c

LSU-2257 snR191 e

LSU-2259 snR191 e

LSU-2263 snR3 c

LSU-2265 RUF1/snR84 b, this work
LSU-2313 snR86 This work
LSU-2339 snR9 d

LSU-2348 RUF2/snR82 f b, this work
LSU-2350 RUF2/snR82 b, this work
LSU-2415 snR11 d, this work
LSU-2730 snR189 d, this work
LSU-2822 snR34 d, this work
LSU-2861 snR46 c

LSU-2876 snR34 c

LSU-2919 snR10 c

LSU-2940 snR37 a

LSU-2971 snR42 c

aGanot et al. (1997a); bSchattner et al. (2004); cNi et al. (1997);
dOfengand and Fournier (1998); eBadis et al. (2003); fMcCutcheon
and Eddy (2003).
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(Ni et al. 1997; Olivas et al. 1997; McCutcheon and Eddy
2003), snR85, and snR80, which were found in our micro-
arrays experiments and recently identified by bioinformatic
analyses (Schattner et al. 2004), and snR86, which was
identified in this work (see previous paragraph).

To test whether these 22 snoRNAs are required for the
formation ofC at positions not yet tested, we constructed 22
strains, each containing one snoRNA gene disruption (Sup-
plementary Table S2 and Materials and Methods). Total
RNAs were isolated from two independent clones for each
strain (except for DsnR80 [LMA459] and DsnR43 [LMA461]
for which only one clone was analyzed) and the distribution
of ribosomal pseudouridines was tested by a primer exten-
sion assay after treating the RNA with N-cyclohexyl-
N 0-b-(4-methylmorpholinium)-ethylcarbodiimide p-tosylate
(CMC) (see Materials and Methods).

Ten sites had been predicted to be specified by nine
snoRNAs (Ganot et al. 1997a; Ofengand and Fournier
1998; McCutcheon and Eddy 2003; Schattner et al. 2004).
Six of these positions were independently verified experi-
mentally in this study (Table 1; Supplementary Fig. S3) and
by Schattner et al. (2004). Moreover, our experiments
confirmed the predictions made for two additional posi-
tions (Ofengand and Fournier 1998; Schattner et al. 2004):
Modifications of residues SSU-1179 and LSU-965 are
indeed guided by snR85 and snR43, respectively (Table 1;
Fig. 3). In contrast, snR11 is not involved in pseudouridy-
lation of LSU-2128 residue as predicited by Ganot et al.
(1997a) (data not shown); instead snR11 guides the LSU-
2415 modification (Supplementary Fig. S3; Schattner et al.
2004), while modification of LSU-2128 is guided by snR3
(Supplementary Fig. S3). The prediction that snR35 guides
the pseudouridylation of the base m1acp3C at position
SSU-1189 remains unverified as the strong reverse tran-
scriptase stop observed at this position (Bakin and Ofen-
gand 1995) is not influenced by deletion of snR35 (data not
shown), probably as a result of the hypermodification of
the residue (Raue et al. 1988).

Out of the 15 remaining orphan Cs, 11 were asso-
ciated with guide snoRNAs by Schattner et al. (2004).
We independently identified experimentally 10 out of
these 11 guides (Table 1; Supplementary Fig. S3), the
only one that we missed being snR81, absent from our
array results, and which guides the modification of LSU-
1051 (Schattner et al. 2004). Finally, we assigned guide
snoRNAs for the four remaining orphan positions, SSU-
759, SSU-1414, LSU1109, and LSU2313 (snR80, RUF3,
RUF2, and snR86, respectively; Table 1; Figs. 2E, 3).

DISCUSSION

In yeast, 44 C sites have been identified in rRNAs and, at
the time we initiated this study, only 20 of these positions
had been linked to a guide H/ACA snoRNA. On the other
hand, 25 H/ACA snoRNAs potentially guiding rRNA

pseudouridylation had been identified, but only 16 were
experimentally tested for their role in pseudouridylation.
The work described in this article first aimed at completing
and clarifying our knowledge of rRNA pseudouridylation
and of the composition and roles of the H/ACA snoRNA
family in yeast. The first possibility that we investigated was
that many new H/ACA snoRNAs remained to be discovered
in the yeast genome. In addition, the important question of
whether, in yeast, all H/ACA snoRNAs were involved in
rRNA maturation and modification or whether there would
be additional H/ACA snoRNAs involved in additional func-
tions had not yet been directly addressed. Through a combi-
nation of protein immunoprecipitation and DNAmicroarray
analyses, we identified all previously identified H/ACA sno-
RNAs, but found only three additional snoRNAs associated
with the yeast Nhp2p and Gar1p H/ACA snoRNP proteins
and clearly involved in pseudouridylation (snR80, snR85, and
snR86). Among these, the snoRNA that we called snR86
presented a striking, atypical structure. SnR86 is unusually
long (1000 nt) and presents a spectacular long stem structure.
As of now, snR86 is a unique case in the H/ACA family. The
functional meaning of its atypical structure remains elusive
since, although the structure of the long forked stem, as well
as the sequences of the apical loops, are conserved between
S. cerevisiae and C. glabrata (Fig. 2A–D), a deletion of most of
the stem did not affect snR86-guided pseudouridylation of
position LSU-2313 (Fig. 2D,E).

The identification of only three new snoRNAs involved
in rRNA pseudouridylation suggested that some H/ACA
snoRNAs previously identified but not fully characterized
were responsible for the pseudouridylation of most of the
orphan rRNA C sites. We therefore systematically tested
the known and newly described H/ACA snoRNAs for their
role in rRNA C modifications. This allowed us to experi-
mentally verify nine predicted guides and identify guides
for 14 out of the 15 remaining orphan C residues (see
Table 1). During the completion of this work, an article
was published that reported the identification of guide
snoRNAs for many orphan rRNA C residues using bioin-
formatic predictions followed by experimental validations
(Schattner et al. 2004). The completely different ap-
proaches used in Schattner’s article and the present study
make these two works remarkably complementary. Indeed,
while most results are in common, we identified an
additional H/ACA snoRNA, snR86. This snoRNA escaped
the bioinformatic search of Schattner et al. (2004), most
likely because of its very unusual structure. Conversely,
Schattner and colleagues identified one H/ACA snoRNA,
snR81, that escaped our screen. Northern blot experiments
showed that snR81 was efficiently immunoprecipitated in
our Nhp2p and Gar1p TAP-TAG fractions (data not
shown); the corresponding signal was nevertheless absent
in our microarray experiments, possibly due to technical
problem with the corresponding intergenic probe spotted
on the arrays. Aside from C at position LSU-1051, which is
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specified by snR81, our experiments independently identi-
fied or verified all guide snoRNAs found by Schattner et al.
(2004). In addition, we found that snR80, RUF3/snR83,
RUF2/snR82, and snR86 guide for Cs at positions SSU-
759, SSU-1414, LSU-1109, and LSU-2313, respectively (see
Table 1; Fig. 2–4). Interestingly, it was suggested by
Schattner and colleagues that positions SSU-759 and
LSU-2313 could be guided by multiple, redundant
snoRNAs (Schattner et al. 2004). Our work clearly shows that
this is not the case and that, in fact, all Cs are specified by a
single snoRNA. Likewise, the C at position LSU-1109 was
predicted by Schattner and colleagues to be specified by snR30
(which exhibits a convincing guide sequence for this position),
but we experimentally found this position to be, in fact, mod-
ified by RUF2/snR82 (see Figs. 3, 4). Schattner and coworkers
had also found that at least two snoRNAs, snR3 and snR49,
were able to guide more than two (three and four, respectively)
Cs (Schattner et al. 2004).Ourwork confirmed this finding and
extended this observation to RUF2/snR82, whichwe also found

involved in C modification at three dis-
tinct sites (see Table 1; Figs. 3, 4). Figure
4E presents a hypothetical structural rear-
rangement within RUF2/snR82 that
might explain how the Cs at positions
LSU-2348 and LSU-2350 could be speci-
fied by the same guide sequence. Finally,
our work confirmed the yet unverified
predictions (Ofengand and Fournier
1998; Schattner et al. 2004) that Cs at
positions SSU-1179 and LSU-965 are spe-
cified by snR85 and snR43, respectively.
Importantly, with our work, all Cs have
an assigned guide snoRNA (all, but snR35
potentially guiding the hypermodified
position LSU-1189, were experimentally
verified) and we can thus now state that
the 44 rRNACs are guided by 28 distinct
H/ACA snoRNAs. Thus, in contrast to
the situation observed in bacteria, no
rRNA C is modified by a snoRNA inde-
pendent enzyme. It is also worth noting
that none of the 22 snoRNAdeletions (see
Supplementary Table S2) gave rise to an
obvious growth defect at 30�C on com-
plete medium.

Another important conclusion that
can be drawn from our work is that
there are probably no, or only a very
few, additional H/ACA snoRNAs not
involved in rRNA modification or
maturation (the atypical RUF9 RNA,
in the hypothesis that its structures
would indeed conform to genuine
H/ACA specific structures, would be,
with snR30, which is involved in rRNA

maturation, the only H/ACA snoRNA not guiding a rRNA
C). This result is very significant because, aside from snR81,
our approach identified all the snoRNAs guiding the rRNA
Cs. Finally, the RPS28A appears to be the only mRNA
specifically associated with H/ACA proteins. Several hypoth-
eses can explain the presence of this specific mRNA within
the Nhp2p and Gar1p immunoprecipitates. First, it could
represent an mRNA containing Cs incorporated within the
nucleolus by H/ACA snoRNPs. The pseudouridylation of
messenger RNAs has been mentioned in the literature
(Kiss 2002), although it has never been demonstrated. In a
second hypothesis, this mRNA would be captured by
H/ACA snRNP proteins to be sequestered within the
nucleolus for regulation purposes. In support of this alter-
native model is the finding that RPS28B, the second copy
of the gene encoding Rps28p, is itself regulated post-
transcriptionally, although by a completely different
mechanism (Badis et al. 2004). Furthermore, the use of the
Mfold program (Walter et al. 1994) suggests that this mRNA

FIGURE 3. Primer extension analyses of small and large subunit rRNA pseudouridylations.
The presence of Cs was monitored by the CMC-primer extension method (see Materials and
Methods). Results are shown for five strains, each depleted of a different snoRNA with two
independent clones, 1 and 2, except for DsnR43, DsnR80 with one clone and for the wild-type
strain, BY4742, or BMA64 in the case of DsnR43. Only the rRNA regions affected are shown.
When appropriate, CMC treatment is indicated by � (untreated) and + (treated) for wild-type
RNAs. Positions of pseudouridine residues are indicated. Lanes M represent size markers. (A)
Cs within SSU rRNA. (B) Cs within LSU rRNA. The oligonucleotides used are listed in
Supplementary Table S3.
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FIGURE 4. Potential base-pairing interactions between C target regions in rRNA and potential guide sequences within snoRNAs. (A)
Potential snR80 guiding interaction with the SSU-759 site. (B) Potential RUF3/snR83 guiding interaction with the SSU-1414 site.
(C) Potential RUF2/snR82 guiding interaction with the LSU-1109 site. (D) Potential guiding interaction with the newly identified
H/ACA snoRNA snR86 and the LSU-2313 site. (E) Hypothetical structural rearrangement within RUF2/snR82 that could explain
how a unique ACA-box associated guide can specify two adjacent Cs within the LSU rRNA.
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could indeed adopt an H/ACA structure (see Supplementary
Fig. S4). Work is in progress to test these possibilities.

MATERIALS AND METHODS

Yeast strain

For a full description of yeast strains used, see Supplementary
Table S2. The TAP-tagged Nhp2p strain (SC0841) and the TAP-
tagged Gar1p strain (SC1110) were obtained from Cellzome
(Gavin et al. 2002). Genomic integration of the TAP tag at the
30 end of NOP1 (LMA439) was performed as described previously
(Puig et al. 2001) with primers NOP1-A and NOP1-B. Correct
integration of the tag was verified by immunoblot analysis of the
cell extract (data not shown).

SnoRNA disruption strains were generated by transforming
BY4742 with a PCR fragment obtained from plasmid pFA6a-
KanMX6 by the method of Longtine et al. (1998) with primers
snRx-F1 and snRx-R1 (see Supplementary Table S3). Correct
integration was confirmed by PCR with primers snRx-50 and
snRx-30 (see Supplementary Table S3). In each case two strains
were selected for analysis. LMA461 and LMA462 were constructed
by transforming BMA64 with a PCR fragment obtained from
plasmid pFA6a-TRP1 by the same protocol, and correct disruption
was confirmed by Northern hybridization using kinase-labeled
oligonucleotides CT30 and GB99, respectively (see Supplementary
Table S3). One correct strain was selected for analysis.

Oligonucleotides

Oligonucleotides used in this study are listed in Supplementary
Table S3.

Immunoprecipitation and TAP purifications

Tap purification was performed as described previously (Leger-
Silvestre et al. 2004), except that 10 mM Ribonucleoside Vanadyl
Complex (Biolabs) was added to lysis buffer, and 160 U of Rnasin
(Invitrogene) were added to the TEV cleavage buffer. Immuno-
precipitated RNAs were isolated by phenol/chloroform extraction
and ethanol precipitation from a fraction of the TEV eluates (one-
forth) as control, and from the TAP eluates, which correspond to
the second affinity purification. Total RNAs were isolated from
extracts (input) by the same methods.

Microarray and data analysis

Total RNA (5 mg) isolated from extract and three-forths of TAP-
isolated RNAs were coupled with Alexa fluor 546 or 647, respec-
tively, according to the protocol of the manufacturer (Molecular
Probes Ulysis kit), purified with a QIAquick spin column (QIAquick
Nucleotide Removal Kit), and hybridized to DNA microarrays
representing the whole S. cerevisiae genome (including genes and
intergenic sequences) (Harismendy et al. 2003). Experiments
were reproduced three times with three independent RNA
samples. Microarrays were scanned using a Genepix 4000B
instrument from Axon. Images were analyzed with the GENEPIX
4.0 software. We excluded artifactual, saturating, and low signal

(intensity < background+ twofold standard deviation) spots. Obser-
ving that the majority of the features (�75% in all experiments)
exhibited the same behavior (i.e., low 647/546 ratios), we normalized
the results using the median of all ratios. The normalized ratios are
then enrichment factors (EF) representing the enrichment of each
RNA in the TAP tag immunoprecipitation compared to total RNA
(input), relative to the majority of unenriched RNAs. For the final
results presented in Figure 1A, we kept only features for which EF
were significantly measured in at least two of the three experiments.
The complete microarray results for Nhp2p and Gar1p TAP-tag
immunoprecipitations are available on request.

Northern hybridization and analysis of C modifications

Five micrograms of total RNA isolated from extract, one-forth of
TEV and TAP-isolated RNA, respectively, were separated on a 5%
acrylamide gel containing 8.3 M urea and electroblotted onto a
Hybond-N+ nylon membrane, then probed with kinase-labeled
oligonucleotides complementary to snR191 (cs9), U18, snR85
(CT33), snR86 (GB99), snR80 (CT124), and RUF9 (CT34). For
RPS28 and ZEO1, probes were made by random priming (Nona-
primer kit) of PCR product with oligonucleotides GB171, GB154
and ZEO1-U, ZEO1-L, respectively. Primer extensions were
performed as described (Saveanu et al. 2001). Mapping pseudour-
idines’ position on 18S and 25S rRNA was monitored by the CMC-
primer extention method as previously described (Badis et al. 2003).
The sequence of oligonucleotides used as probes for mapping ribo-
somal pseudouridines is indicated in Supplementary Table S3.

Construction of snR86 mutants

The snR86 gene was amplified by PCR amplification of genomic
DNA from BMA64 cells, using primers GB127 and GB128 (see
Supplementary Table S3). The resulting DNA fragment was cloned
into plasmid pCR-TOPO cloning (Invitrogen). The BamHI-NotI
fragment of this plasmid was cloned at the corresponding sites of
the pFL36-CII (kindly provided by F. Lacroute, CGM.CNRS.
UPR2167, Gif-sur-Yvette) centromeric plasmids yielding plasmid
p36-snR86. Mutations of snR86 carrying internal deletion D39–
893nt and D8–862nt were generated by the ‘‘overlap extension
PCR’’ technique (Pogulis et al. 1996) using p36-CII-snR86 as
template. In a first step, the sequences on either side of the deletion
are amplified by PCR with oligonucleotides (GB35 and CTA25)
and (CTA26 and AJ48) for D39–893 and (GB35 and CT14) and
(CT13 and AJ48) for D8–862 (see Supplementary Table S3). In a
second step, as the two different PCR product contain a region of
common sequence, the two overlapping fragments are then fused in
a subsequent PCR reaction, using oligonucleotides (GB35 and
AJ48). The resulting PCR products were digested by BamH1/Not1
and inserted into the same sites of pFL36-CII, yielding plasmids
p36-snR86-D39–893 and p36-snR86-D8–862. The constructs were
verified by sequencing.

Computer analysis of snoRNA secondary structures

Secondary structure analyses were performed with the Mfold
program (Walter et al. 1994).
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SUPPLEMENTARY DATA

Supplementary data are available at the following Web site:
http://www.paseteur.fr/recherche/unites/Gim/index.html.
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